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1

I.
A.

INTRODUCTION AND HISTORICAL BACKGROUND
Introduction and Statement of the Problem

Tri-n-butyl phosphate has been used for many years
as a plasticizer and solvent*

Pagel and McLafferty (1)

in 1948 discovered that this solvent (TBP) was excel
lent in extracting short-chain aliphatic acids from
aqueous solutions.

As such, TBP surpasses ethyl ether,

isopropyl ether, benzene, toluene or chloroform, as one
might expect from its strongly basic character.

Tri-n-

butyl phosphate, is an ester having the formula,
(C4 H9O) 3P0.
In 1949,

Warf (2) gave the first description of the

use of TBP in extracting inorganic compounds.

This in

vestigation describes the use of TBP for the extraction
of cerium (IV) from an aqueous nitrate solution.

Treat

ment of the organic layer with hydrogen peroxide and
water causes the reduction of Ce (IV) to Ce (III).

The

latter is not soluble in TBP and consequently passes to
the aqueous layer.

The extraction of uranyl and thorium

nitrates is excellent and that of zirconium and lanthanum
is appreciable.

Warf proposed that the high degree of

extraction by TBP over a wide range of conditions suggests
compound-formation between the solvent and cerium (IV)
nitrate.
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Peppard (3) and co-workers studied the extraction of
the tri-valent rare earths by TBP from both hydrochloric
acid and nitric acid media.

In both cases, especially

in concentrated acid solutions, an increase in extractability with atomic number was found.
It has been observed (4) in the extraction of three
plutonium nitrates, that plutonium (III) nitrate is only
poorly extracted even from 5 M nitric acid, but plutonium
(IV) nitrate is appreciably extracted.

By choosing the

proper oxidation state of plutonium* uranium can be
separated from It*

The plutonium then can be oxidized

to the plus four or plus six state and separated from
rare earth impurities.

The extraction of plutonyl nitrate

is appreciable but less than the uranyl compound.

The

fact that plutonyl nitrate is less extractable than
uranyl nitrate reveals a reversal of the trend in the
lanthanide and actinide series for increasing extractability with increasing atomic number.
In the actinide series in general, the differences
in extractabllities between the different elements are
not as pronounced as in the lanthanide series, but if
the differences in extractability between the various
oxidation states are exploited, a number of separations
of the lower actinides can be made with TBP (5)*
example, uranyl nitrate is readily extracted from

For
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mixtures with thorium (IV), plutonium (III), or amer
icium (III),

Neptunium, however, is tetravalent under

such conditions and is extracted together with the
uranium,

The separation of the other actinides can be

brought about by carefully changing the oxidation states.
It has been observed (6 ) that the effect of changing
nitric acid concentration on the distribution ratio

for

the rare earths is due to a number of factors, including
salting-out by nitrate ion, formation of nitrate complex
es, activity changes, and the competition of nitric acid
itself for the organic solvent where the available TBP is
less than that required for the tri-solvates.

Tri-sol-

T T T

vates may be described as M

(NO,) *3TBP, where M may
3 j

be Y, Ce, 33u, Tb, Tm, Lu and Am.

When concentrations of

less than 0.01 M of rare earths were used, extractions
to an appreciable extent were observed.

^Unless otherwise stated, a distribution coefficient
or ratio is the total

concentration of the solute in the

organic phase divided by the total concentration of the
solute in the aqueous phase.
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Optimum conditions are low acidity and high nitrate
concentration*

The investigation shows evidence that

the extracted species are the tri-solvates such as
Y(N0 3) •j t b p .
The solubilities of a number of hydrated inorganic
nitrates in TBP have been measured by Healy and McKay
(7)*

They observed and have shown that for highly

soluble salts, the composition of the saturated solu
tions corresponds to the formation of definite solvates*
There is particular evidence that the solubility of
uranyl nitrate is due to the formation of a complex
U0o (N0_) •2TBP. Healy and McKay extended the study of
^
3 2
nitrate extraction by TBP to salts of the alkaline earth
and alkali metals.

They found that only lithium and

calcium nitrates are extracted appreciably, the remain
ing metals in both groups enter the organic phase only
in trace amounts.

Lithium nitrate is the sole alkali

nitrate which is appreciably soluble in dry TBP, the
others being only slightly soluble.
Excluding lithium nitrate, when the alkali nitrates
are utilized to provide a common ion for the extraction
of the actinide nitrates, the amount of alkali nitrate
entering the organic phase is actually less in absence of
actinides.

McKay proposed that the actinide nitrate-TBP
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complex is formed and that the amount of TBP available for
the alkali metal salt is correspondingly reduced*

Appar

ently the high polarizing power of certain cations is the
reason for the high extractability into TBP.

The small

size of Li (I) and of Ca (II) ions or the high charge of
the actinide ions may be the reason for the ease with
which they are extracted (8 ).

Similarly, the highly pos

itive charge of the central metal atom in the M 02++ ion
ensures a high extractability of the hexavalent actinides.
In 1958, Baldwin, Higgins and Soldano (9), investi
gated the distribution of the alkali halides between TBP
and water.

Nitric acid shows the largest distribution

coefficient, followed by the hydrogen halides.

The ex

tent of extractability among the hydrogen halides decreases
in the order HI, HBr, HOI.

Among the lithium salts, ex

tractability followed the same order (1 0 ).

Where the

anion remains the same, the order of decreasing extractability is HX, LiX, NaX, KX, OsX.
Water plays an important role in the extraction of
electrolytes by TBP.
TBP#H20 (11).

The organic phase is of the form

As nitric acid enters into the TBP phase,

it displaces water and effects a decrease in the concen
tration of water in TBP.

In contrast, the halogen acids

carry water with them into TBP, resulting a mole ratio of
4h 20 per HX.

However, at higher concentrations, it
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appears that water is being forced out from TBP.

The

effect of cations on the amount of water carried into TBP
decreases in the order H, Li, Na and K; cesium takes
little, if any, water with it (1 2 ), and has little
affinity for TBP.

The primary hydration numbers of the

extracted salts vary from 0.0 for OsOl to 3*1 for HOI to
4.9 for Hal.

These values were obtained from the slopes

of the lines resulting from plotting moles of water in
the organic phase versus moles of electrolyte in the
organic phase (1 2 ).
Prom the observations of Baldwin, Higgins and Soldano
(9 )> two classes of extraction behavior are noted depend
ing upon whether or not water accompanies the electrolyte
into TBP.

Glass I consists mainly of mineral salts of

the halogen acids which are usually excluded in practical
extraction processes.

Well-known examples include the

characteristic extraction of iron (III) chloride and the
chlorides of a few other metals by ether, the extraction
of uranyl nitrate by ether, and the extraction of silver
perchlorate by toluene.

Glass II consists of salts hav

ing a high affinity for TBP and depends upon TBP^salt
complex formation.
The metal thiocyanates give a rather different
series of extractable salts.

Bock (13) investigated the

extraction of various metal thiocyanates into diethyl
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ether from slightly acidic ammonium thiocyanate solutions.
He found that Be II, Zn II, Oo II, Ti III, Sn IV and Mo V
were all well extracted; while A1 III, U VI were only
partially extracted.

The metal-thiocyanate complex ions

are much larger in comparison with the halides; they dis
turb the water structure and have a greater tendency to be
mobile into the organic phase.

As with the halide com

plexes, the order of extraction of the alkali metal thio
cyanate complexes into ethers, esters, and ketones usually
decreases in the order Li, Na, K, NH4 (14).
In an investigation of the diethyl ether-extraction
of scandium (ill) with NH4 SOH, Fischer and Bock (15)
noticed that thiocyanic acid itself was extracted.

The

addition of acid to a thiocyanate salt solution, therefore,
results in appreciable extraction of the hydrogen or thio
cyanate ion, whichever is in lower concentration, leaving
its aqueous concentration almost zero.

From basic solu

tions the extraction is high because of metal ion hydro
lysis.

Bock (15) has found that (JTH^)2 Zn(S0N)^ and

HH^Fe(SCN)^ are the species extracted into diethyl ether
from NH^SOT solutions.
L. L. Burger (16) reported that TBP hydrolyzes in
the presence of base only in the aqueous phase.

The rate

is slow and the decomposition normally stops with the
formation of di-n-butyl phosphate (DBP).

Hydrolysis
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in the presence of an acid depends on the nature and
concentration of the acid, and can occur in either phase*
At 60° 0*, the rate of hydrolysis in the presence of 5 M
acid is appreciable and could presumably interfere with
extraction experiments*
TBP is soluble in hydrocarbons and organic solvents*
Solubility of TBP in water at 25° 0* is less than 0*07
per cent by volume*

The solubility of water in TBP is

6 per cent by volume (17)*

It has been shown that the

solubility of water in TBP around 25° 0* is one mole of
water per mole of TBP (18,19)*

Evidently, this sol

ubility results from the formation of a weakly hydrogenbonded TBP* HgO complex (19)*
In 1961, Tuck and Diamond (20) reported that the dis
tribution of an acid between its aqueous solution and an
organic solvent is known to depend on the basicity of the
organic solvent (2 1 )*

For the weaker acids, the decreas

ing order of extraction in TBP is trichloroacetic, nitric,
and orthophosphorie.

Other solvents utilized, and which

give the same results, are di-isopropyl ketone (DIPK) and
dibutyl cellosolve (DBS)*

These latter solvents are less

basic than TBP and were chosen because of their low mutual
miscibility with water*

For the stronger acids, the de

creasing extractability order is perchloric, hydrobromic,
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hydrochloric and sulphuric.

Tuck and Diamond have shown

that 4.0 to 4.5 moles of water accompany each mole of
strong acid extracted in the organic layer.

This suggests

that strong acids are extracted from aqueous solutions
(equal to or less than 7 M acid) into organic solvents of
moderate basicity with the hydronium ion

retaining a pri

mary hydration shell of three water molecules.

But, as

the aqueous acid concentration is increased, there will be
a decreasing amount of water available to solvate each
ion.

With increasing acid concentrations, the trend to

ward lower hydration numbers is observed as a result of
the scarcity of free water.
Arcand and Carroll (2 2 ) studied the extraction of
sodium thiocyanate from aqueous solutions by TBP.
Distribution data for various aqueous concentrations of
sodium thiocyanate were obtained at different temper
atures.

They observed a decrease in the amount of

electrolyte extracted with increasing temperature.
The hydration number, n, of HaSCN in the TBP phase
was determined by measuring the concentration of water
in TBP.

The n values found were 3.2 and 1.7 at 20°

and 30° C., respectively (22).

It was reported that

the value of n, at any temperature is independent of
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the activity of the solute in the aqueous phase (2 2 ).
The extent of dissociation of NaSGN in the organic
phase was determined by analysis of conductivity data.
Carroll's investigation (23) of the sodium thio
cyanate system posed questions to be tackled in other
similar alkali metal systems using different anions.
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II.
A.

EXPERIMENTAL

The Distribution of Sodium Perchlorate
Between TBP and Water at 25° 0

The extraction of sodium perchlorate from its
aqueous solutions by TBP was studied under a variety
of conditions in an effort to establish the efficiency,
applicability, and limitations of using TBP as an ex
tracting agent for perchlorates,
1.

Reagents, Tri-n-butyl phosphate (Fisher Analytical

Grade) was washed with 1 M nitric acid, then with 1 M
sodium hydroxide, and lastly with distilled water until
the organic phase was clear (about six times).

The TBP

which was water-saturated, was used in all equilibration
processes except where dry TBP was required.
perchlorate was Fisher's Analytical Grade.

Sodium
Stock solu

tions of 12 M, 8 M, and 2 M sodium perchlorate in dis
tilled water were prepared; other desired concentrations
were made by dilution.

For sodium perchlorate deter

minations, the analytical grade reagent was dried in a
drying oven at 140° 0 . for 48 hours.
2.

Equilibration. Twenty-five ml. portions of both aque

ous solution and wet TBP were mixed together in a 60-ml.
separatory funnel and placed in a constant temperature
water bath.

All experiments were conducted at 25° 0.

with a precision of ± 1 .0 °.

Samples representing
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different concentrations were prepared in quadruplicate.
At intervals of approximately 1 hr. the samples were shak
en vigorously for 1 min. and then immediately returned to
the bath.

During the equilibration period, there was a

total of five one-minute shakings.

Following the equil

ibration period, the funnels were allowed to remain in
the bath overnight.

Ten-ml. portions of the aqueous

phases were removed by pipet and weighed accurately in
100-ml. volumetric flasks.

Then, 10-ml. portions of the

organic phases were pipetted and weighed in separatory
funnels.

The organic layer samples were washed six to

seven times with 5-ml. portions of distilled water, un
til clear separation was obtained; the washings were
collected in volumetric flasks for dilution purposes.
3*

Analysis. For the purpose of analysis of all samples,

the Model KT-1, Baird-Atomic Flame Photometer was used.
The determination of sodium ion concentration in all
samples was conducted after calibration of the photo
multiplier sensitivity and standardization of the instru
ment were accomplished.

Blood Serum and General Purpose

Standard solutions for calibrating and standardizing
were prepared according to the instruction manual for
the Model KY-1 (24).
Weighed 10-ml. portions of the aqueous phases were
diluted to 1 - 1 . volumes; aliquot portions were quanti
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tatively diluted further to approximate the concentration
of the standard solutions.

Five-ml. portions of 5000 ppm

lithium were added per 100 ml. volume as the internal
standard element, to correspond with the concentration of
lithium present in the instrument standard solutions.
Except for the more dilute concentrations, the or
ganic washings were diluted to 1 -1 . volumes and then
aliquot portions were diluted further, as with the aque
ous samples.
B.

Tltrimetrio Determination of Water
in the Organic Liquid phases
usin^ Karl Fischer Reagent

1.

Reagents. Analytical grade anhydrous methyl alcohol

(Mallinckrodt) was used for preparation of standard
water-in-methanol solution (one-ml. = 1 mg. H^O).
Analytical grade Karl Fischer reagent (Mallinckrodt)
was used in all determinations.
2.

Standardization of Solutions. Karl Fischer reagents

affinity for moisture required that all equipment be
given a prolonged period of baking, and kept dry in
desicators until needed.

Each buret was protected from

atmospheric moisture by guarding them with drying tubes
containing Drierite.
The Model 35, Fisher Titrimeter equiped with two
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platinum electrodes was used for the titrimetric deter
mination.

The titration was conducted by addition of the

water-in-methanol standard solution to the reaction
vessel.

The end-point was abrupt with a voltage change

of approximately 0 .2 5 volts.
The volume of standard water-in-methanol required
to reach the end-point is observed and the factor R
(ratio) is calculated according to the formula:R =
3*

ml. of Karl Fischer Reagent
ml. water-in-methanol solution

(25)

Analysis. The samples taken from the original equil

ibrated organic phases were weighed into the reaction
vessel.

An excess of Karl Fischer reagent was added and,

with gentle stirring, was back-titrated with standard
water-in-methanol solution until the voltage change
indicated the end-point.
0.

Experimental Results

The apparent similarity of the NaClO^ system to that
of the alkali halides suggests that the treatment of
Baldwin et al (12) can be applied to this system.
1.

Discussion of the Treatment of Data by the Baldwin.

Higgins and Soldano Method.

In considering their dis

tribution data, they postulated
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K, = A 2 a11 / m f '

(D

where
A

= mean activity of electrolyte in water

a

= activity of water in the aqueous phase

n

=s primary hydration number of the salt in
organic phase

m

= molality of salt in organic phase

f 1 = activity coefficient of hydrated associated
salt in organic phase
K.j = equilibrium constant
Baldwin, Higgins and Soldano assumed that, at moderate
concentration, log f 1 = bm, where b is an empirical
constant.

After rearranging terms of (1), they defined

a quantity g^ expressed in logarithmic form,
g_ = 2 log A + n log a - log m
= log

^

+ bm

and plotted g^ versus m.

Straight line plots resulted for

all the alkali halides over a concentration range up to

3 .5 M in aqueous phase.
The value of the primary hydration number n was
determined by plotting the molality of water in the
organic phase against the molality of salt in the organic
phase.

The n value was obtained from the slope of the

linear portion of the curve.

The intercept gave them
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the value of water associated with TBP in the absence of
salt*

For comparing the NaClO^ average value of n with

the results obtained from the Baldwin, Higgins and Sol
dano method, their experiments are represented in Table I*
The values of a have been calculated from the GibbsDuhem expression
(2M M.W.

/1000) a In A = - a In a.

(3)

By rearrangement of terms, equation (3) can be rewritten
as
(0 .036/f) dA = - In a

(4)

where
A

= mean activity of NaOlO^ in aqueous phase

f

=s mean activity coefficient of NaClO^f
aqueous

a

S3 activity of water in aqueous phase

M*W* = molecular weight of solvent (water)
By plotting (0*036/f) versus A, values of In a can be
determined by graphical integration.

If the values

obtained from this plot are converted to log .|0 and then
plotted against A, the resulting plot will approximate
closely a straight line, with the slope equal g.

The

logjQ a data can now be calculated from the expression
- log a = gA

(5)
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The mean activity coefficients for the alkali halides
are available from H a m e d and Owen (2 6 ).
The value for the log of the equilibrium constant,
Kj, was obtained by the extrapolation of the linear
portion of the plot of £ versus m.
TABLE I. (1 2 )
COMPARTIVE SALT BEHAVIOR IN TBP AS
REPRESENTED BY EQUATION (2)

HI

-0.85

1 .1 0

3.9

HN0 3

-0 .7 8

0.57

0 .0

HBr

+0.50

•
o
o

n

log K,

3.6

Lil

0.54

0 .7 8

3.6

HOI

1.15

0.24

3.1

Nal

1.32

o
o
•

2*

b

Salt

4.9

KI

1.64

0.00

3.7

Investigation of the NaOlO^ System by the Baldwin.

Higgins and Soldano Method.

The efficiency of extrac

tion of NaClO^ by TBP at 25° 0. can be observed from a
plot of the molality of sodium perchlorate in TBP versus
the molality of sodium perchlorate in the aqueous phase
(Pig. 1 ).

The hydration number, n, of NaOlO^ in the
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organic phase was determined from the slope of a plot
of the molality of water in TBP versus the molality of
sodium perchlorate in TBP (Pig. 2) (12), and was found
to be 2 .6*
Table II contains the data of the distribution
experiments.
The experimental data of the NaOlO^ experiments, as
interpreted by the use of the Baldwin at al method (12),
are given in Table III.

The values of a have been

calculated from equation 3.

By plotting (0.036/f) vs. A,

the desired values of In a were determined by graphical
integration (Pig. 3).

The dilute solution data of the

activity of water in the aqueous solutions of NaClO^ by
the same treatment as (Pig. 3) are shown in (Pig. 4).
The values obtained were converted to common log values
and then plotted against A, the resulting plot approx
imates a straight line, having a slope of 0.0236 (Pig. 5)
The desired data for log a were calculated from equation
55 the value of g being 0.0236.

The mean activity coeffi

cients for ITaClO^, (aqueous), used in the above calcula
tions are available from H a m e d and Owen (26).
The plot of £ against m (Pig. 6 ) gives a straight
line for the concentrations from 0.038 m to about 0 .6 8 m.
The more dilute solutions do not yield satisfactory re
sults nor do the most concentrated solutions (Pig. 6 ).
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FIGURE 1

FIGURE
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TABLE II
DISTRIBUTION BATA OP NaC104 -H2 0-TBP SYSTEM
M is molality* of Na0104 in aqueous phase, A is
activity of NaC104 in aqueous phase, and m is molality
of NaOlO^ in organic phase*

The precision of the

distribution data is based on four trials.
I

II

III

IV

V

M

A

m

A2

m/H

15.5

VI

VII

m/A

m/A 2

0.09

1.53
9.89

1.27

97.81

0 .1 2

0 .12 8

0.013

6 .76

5.0 6

1.09

25 .6

0 .16 8

0.215

0.043

4.46

3 .0 2

0.85

9 .1 2

0 .18 8

0 .28 1

0.093

2.79

1.75

0.68

3 .0 6

0.235

0.388

0 .2 2 2

CVI
•

0.755

0.332

0.569

0.263

0.439

0.583

0.75

0.48

0.165

0 .230

0 .2 1

0.344

0.71

0.48

0.32 6

0 .1 1 1

0 .10 6

0.23

0.341

1.04

0.363 0 .2 6 1

0.066

0.068

0 .1 8

0.253

0.97

0.249 0 .1 8 1

0.037

0.033

0.15

0.204

1* 12

0.048 0 .0 38

0.0024

0.0014 0.05

0.063

1.71

0.033 0.027

0.0013

0.0007 0.04

0.048

1 .7 8

10.5
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TABLE III
DISTRIBUTION DATA OP NaOlO^-HgO-TBP
SYSTEM AS REQUIRED BY EQUATION (2)
I

II

III

m

a11

n log a

IP

V

2 log A

log m

VI
Q- _

1.27

0.2473

-0.6068

+1.9904

+0 .10 3 8

1.2798

1.09

0.4894

-0.3104

+ 1 .4084

+0.0374

1.0 6 0 6

0.85

0 .6 5 2 2

-0 . 1 854

+ 0.9600

-0.0706

0.8452

0.68

0.7809

-0.1074

+0.4860

-0.1675

0 . 5461

0.332

0.8989

-0.0463

-0.2214

-0.4789

0 .2 1 1 2

0.165

0.9346

-0.0294

-0 .6376

-0.7825

0.1155

0 .1 1 1

0.9557

-0.0197

-0.9736

-0.9547

-0.0386

0.066

0.9642

-0 .0 15 8

- 1.16 6 8

-1.1805

-0 .0 0 21

0.037

0.9745

-0 .0 1 1 2

-1.4846

-1.4318

-0.0640

0.0024

0.9947

-0.0023

-2.8404

-2 .6 19 8

-0.2229

0.0013

0.9963

-0 .0 0 16

- 3.5686

-2.8861

-0.6841

n = 2 .6 at 25°
= 2 log A + n log a - log m
Equation (2)

q. = log K-j + bm
£ = empirical constant
for system

FIGURE 3

24

FIGURE 4

25

FIGURE 5

9 ar>moxj
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The failure of the lower concentrations to furnish sat
isfactory results can be attributed to appreciable
dissociation in the dilute solutions (22).

The failure

at the higher concentrations may arise from a need of
more terms in the logarithmic equation of the activity
coefficients of the hydrated associated salt in the
organic phase (23).

Thus log f f = bm would need more

terms which might be determined from experimental data.
From (Fig. 6 ) the values of b and

were obtained.

The

empirical constant b, was found to be 1 . 1 , from the slope
of the linear portion of the curve.

The extrapolated

log Kj value was found to be -0 .1 .
The value of K = 1/K^, was determined to be 1.25*
The equilibrium constant representing the extraction of
electrolyte by the organic phase is represented as K.
3.

Treatment of Data by the Arcand and Oarroll Method

(22).

The plot of m/A versus the aqueous activities of

HaClO^ is shown in (Fig. 7 ).

The

value is the ratio

of the concentration of solute in the organic phase to
the mean activity of the solute in the aqueous phase.
The plot of the distribution coefficients, m/M,
versus the aqueous molalities, M, are shown in (Fig. 8 ).
This plot gives the efficiency of extraction at maximum
concentration of NaOlO^ (aqueous).
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If the values of m/A2 are plotted against A, a
straight line results for somewhat the same solutions
that give a straight line with the Baldwin et al method*
In (Fig. 9) the m/A2 vs. A plot for the system is shown.
In (Fig. 10) the plot of the desired data of the m/A 2 vs.
A, which is the portion between the areas of dissociation
and association of the system is shown.

The linear part

of the curve extrapolates to a value of K which was
found to be equal to +0.94, as compared to a K value of
1.25 obtained from the Baldwin et. al method.
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FIGURE 7
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FIGURE 8
MOLALITY NaCIO. (Aqueous)
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FIGURE

>13
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FIGURE 10
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III.

DISCUSSION

The discussion is presented In three sections, (A)
discussion of results, (B) recommendations, and (C)
limitations.
A.

Discussion of Results

The molality of water in the organic phase is a max
imum in the region of 0 .3 3 m NaOlO^ (Fig. 2).

An in

creasing concentration of NaClO^ results In lower molal
ities of water.

This phenomenon may result from competi

tion between water and NaC104 for the limited number of
TBP molecules with the result that in a saturated solu
tion of NaOlO^ in wet TBP, a species of NaClO^/TBP may
exist.
The value of n is found to be lower than in the sys
tems involving sodium salts investigated by Baldwin,
Higgins and Soldano (Table I).

It is possible that the

true value of n may be higher but any small deviation is
not of the magnitude to alter the validity of the dis
cussion in general.

Sodium Perchlorate apparently belongs

to the Class I salts of Baldwin et al (12) at concentra
tions less than 0 .6 m in the organic phase.

At higher

concentrations, n, appears to be negative which implies
that anhydrous salt is displacing water in the solvent
molecule TBP*H2 0.

In the medium concentration range,

0 .6 m to 0 .9 m, it appears that the solute is actually not
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displacing water but is being extracted as the anhydrous
species.

In the region of the most dilute solutions, n

approximates a mean value of 2 .6 .
The value of log Kj for the H a d O ^ system Is greater
than those values for HI and HHO^ and less than those for
HBr, LiI, HOI, Nal and KI#

Sodium perchlorate is there

fore shown to be extracted to a higher degree than hydro
chloric acid and the alkali halides (Table I).
The empirical constant, b, equation (2), for the
HaClO^TBP-HgO system corresponds to the values obtained
for HI, HBr and Hal by Baldwin et. al.
The Baldwin, Higgins and Soldano method for
analysis of distribution data (page 15) appears satis
factory for the Ha010^-H2 0-TBP system when the concen
tration of HaOlO^ in the organic phase is 0 .1 m - 0 .8 m.
These concentrations correspond to aqueous activities of
HaClO^ of 0.326 to 3.02.

In dilute organic solutions the

principal species appears to be the dissociated salt and
as such cannot be treated according to the Baldwin,
Higgins and Soldano method.

However, if the associated

solute in the dilute solutions is considered by the
Baldwin et_ al method, then approximate degrees of dis
sociation for the solute can be determined by substi
tuting <xm for m in equation (1 ), where c<_ is the
degree of dissociation, and Kj is obtained from
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figure 6.

In approximate dissociation constant of

3 x 10 "^ can be calculated from the degree of dissociation*
In a limited investigation into the potassium per
chlorate system, two concentrations were analyzed to
give some indication as to the possible differences from
the ETaClO^ system.

It is known that potassium perchlor

ate is very slightly soluble in organic liquids such as
anhydrous ethyl alcohol (27), ethyl acetate, n-butyl
alcohol (2 8 ) or a mixture of the latter with ethyl
acetate (2 9 ), whereas sodium and lithium perchlorates are
freely soluble in these.

It was found that potassium

perchlorate follows these findings in this investigation,
using TBP*H20 as the extractant.

In the saturated KCIO4

system the distribution coefficient was found to be 0 .062 .
The aqueous molality determined by flame analysis was

0 .1 3 7 and the organic molality was 0.0086.

Data obtained

for a dilute concentration range gave a distribution
coefficient of 0.041, which corresponds to molalities of

0.088 in the aqueous phase and 0.0036 for the organic
phase.
It was also observed that potassium was extracted to
a limited extent with respect to sodium, by studying a
mixed system of NaOlO^ and KOIO4 .

The equilibrium concen

trations obtained were 0.043 M and 0.031 M for HaClO^
and KCIO4 respectively, in the aqueous phase.

The
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organic phase concentrations obtained were 0 .0 0 37 m
UaOlO^ and 0.0007 m KOIO^..

The distribution coefficients

obtained were 0.089 and 0.025 for NaOlO^ and KCIO 4
respectively.

This shows that the sodium perchlorate

in the mixed system is approximately four times more
extractable than potassium perchlorate*
B.

Recommendation

In considering the determination of an exact compo
sition of the species present within the system a possible
extension of this investigation would be to introduce
another solvent into the organic phase with TBP.

For

example, the addition of kerosene, which is Immiscible
with water, would allow us to vary the concentration of
TBP.

By this means, the molalities of water, solute and

TBP could be determined for any given solution.
0.

Limitations

There were three limitations in this investigation
that could have an important bearing on the results.
They are as followsj
1„

Extraction Methods. When the organic phase was washed

with portions of distilled water, the re-extraction
process in some solutions may not have been completely
accomplished, thus leaving an unknown quantity of solute
behind.

Therefore the flame analysis for such samples

would not yield consistent results.
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2.

Water or Rydration.

The Karl Fischer method is accom

plished with a minimum of equipment; however, the reagent*s
affinity for moisture necessitates that all reaction
vessels be protected from the atmosphere*

In preparation

of samples for back-titration, adventitious moisture may
have produced erroneous results.
3*

Infrared Spectra Experiments.

Because of the non

availability of cells which would be compatible with the
sodium perchlorate system, the infrared studies of the
behavior of this system could not be accomplished.

The

determinations of the hydration number and the range of
distribution coefficients show that there is a definite
change within the system.

These data are not conclusive

enough to propose a structure for the actual species
within the NaOlO^-TBP-H^O system,
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IV.

CONCLUSIONS

The questions posed by Carroll (23) concerning a
TBP-H20 system and an alkali salt -which is appreciably
soluble in TBP have been partially answered by the
experiments described in this thesis.
Sodium perchlorate can be readily and quantitatively
extracted by the use of TBP.

The best extraction was

attained from aqueous solutions which were about 1 M
sodium perchlorate (Pig. 8 ).

It is suggested that the

perchlorate ion, 0104 “ , may be extracted appreciably in
approximately 1 M NaOH.

The proposed use of sodium

hydroxide is to provide a common ion within the system.
It has been observed (7) that the NaOH is not extracted
into the basic TBP.
The extractability per single extraction for the
NaC 10 4 -TBP-H 2 0 system was found to be approximately 20

%

in the range of highest efficiency.
A dissociation constant was calculated from the
degrees of dissociation of NaC10 4 in the TBP phase, as
determined by the Arcand and Carroll method (22).
value found was 0.0003.

The

This Is higher than the value

found by Carroll (0.00009) for the NaSCN-TBP-HgO
system (23)*

This is explained by the fact that the

NaC 104 system is more dissociated than the NaSCN system.
In considering the NaC10 4 -TBP-H 20 system from the
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Baldwin, Higgins and Soldano treatment of data, there
is a definite formation of three salt species in the
organic phase within the scope of concentration ranges.
In dilute solutions, the system appears to be that of
a hydrated salt.

In the medium concentration range, an

anhydrous species is formed.

For the concentrated

solutions, water is competing with the solute for the
available TBP thus, decreasing the molality of water
(Fig. 2 ).
From brief experiments with both the KCIO^ system
and the mixed system of NaClO^-KClO^-TBP-HgO, it was
observed that the potassium salt is only slightly ex
tractable with respect to sodium at an initial concen
tration range of 0.05 M.

From this limited study, it is

proposed that further investigation into the perchlorate
systems be initiated.

The results obtained may be

helpful in determining a more feasible method of separ
ation of sodium and potassium by the extraction
technique.
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